We propose a flexible circular saw for high-speed cutting of curved lines in carbon fiber-reinforced plastic (CFRP). A conventional circular saw is appropriate for straight line cutting, but it cannot be applied to curved line cutting because of the interference between the saw body and the machined surface. To eliminate this problem, the flexible circular saw is deflected into a bowl shape by circular forced displacement, and the cross-section of the saw becomes a circular arc. A curved line can be cut by the bowl-like-deflection. The deflection shape is very important to realize the curved-line cutting without interference. We investigated the deflection of the flexible circular saw by a finite element method (FEM) analysis. Suitable slit shapes for the saw body are also proposed, based on the FEM results regarding stress in the saw body, the minimum radius of curvature, and the effects of cutting force and centrifugal force and eigenvalue. We also conducted a curved-line cutting test on a CFRP plate, and we found that the flexible circular saw can cut curved lines with high accuracy and high speed without interference between the saw body and the machined surface.
Introduction
The demand for carbon fiber-reinforced plastic (CFRP) for industrial applications continues to increase. CFRP products usually need to be machined (trimming process) after the curing of laminated prepregs. An abrasive water jet or endmill cutting is often used for the trimming process; however, these methods present problems regarding machining efficiency and cost. (1) (2) (3) Here we propose a flexible circular saw as the core of a new process for CFRP plate cutting. A normal circular saw has several cutting edges, and it rotates at high rotational speed, providing high-speed cutting (feed rate 3000 mm/min) that is about three times higher than the speed of other machining methods. (4, 5) However, a circular saw is for straight line cutting. It is thus difficult to cut a continuous curved line such as that needed for airplane wings without interference between the saw body and the machined surface. One way to avoid this interference would be to bend the circular saw to fit the target curved line. A flexible circular saw could be deflected, like a bowl-shape. This can be realized by acting circular forced displacement while the center is held. A cross-section of a flexible saw's body making a circular arc is shown in Fig. 1 . We hypothesized that curved lines could be cut without interference by the bowl-like deflection.
In the present study, we determined the deflection shape of a flexible circular saw by finite element method (FEM) analysis. We then conducted a cutting test using the saw to confirm the design's feasibility. In addition, the effects of the slitting within the saw body on the displacement, stress, and the normal modes were revealed. We thus propose suitable slit shapes for a flexible circular saw. 
Comparison of FEM results and experimental results
First, to validate the accuracy of the FEM analysis, we compared the results of an experiment with the results of the FEM analysis. In the experiment, the deflection shape of the flexible circular saw was measured with a three-coordinate measuring machine. The experimental device is shown in Fig. 2 . The saw is deflected by turning the shaft and pushing the flange down by 2.0 mm. Three types of saws were used for the experiment; their details are given in Table 1 . The saws have differing slits, as shown in Fig. 3 . Model 1 has straight slits, Model 2 has circular arc slits, and Model 3 has long straight slits. The deflection increases in accord with the slits.
The FEM analysis conditions are shown in Table 2 . The mechanical properties of the saw's material (SKS5) were obtained by a material test. The element size was set to 0.75 mm, but in the end of slit, the element size was set to 0.22 mm to fit the slit width. The boundary conditions were set to be the same as in the experiment. Six degrees of freedom (DOF) constraint on the flange face and 2.0-mm circular forced displacement at 102.5 mm from the center of the saw were used, as shown in Fig. 4 .
A comparison of the experimental results and the results of the FEM analysis is given in Fig. 5 , which shows deflection of the cross-section at 120 mm from the center of the saw. The maximum differences between the analysis results and those of the experiment were 0.97 % (0.03 mm) in Model 1, 2.1 % (0.07 mm) in Model 2, and 1.4 % (0.05 mm) in Model 3. Thus, the experimental results agreed well with the results of the FEM analysis. 
Cutting of a constant curvature line by a flexible circular saw
As shown in the previous chapter, the cross-sectional shape of the deflected saw body can be a circular arc. However, the bowl-like-deflection of the saw body means that the curvature at the cross-section is smaller as the cross-section is closer to the center of the saw, whereas the curvature at the cross-section is larger as the cross-section is further from the center of the saw. We analyzed the relationship between the location of the cross-section and the curvature by using FEM. The analysis conditions and the boundary conditions were the same as those described in the previous chapter. The model saw used in this analysis was Model 2. Figure 6 shows the comparison between the deflection and the fitted circular arc of Model 2 where the cross-section is at 120 mm to 150 mm from the center of the saw. It was clear that the deflection corresponds well to the fitted circular arc, but the curvature radius varies depending on the distance from the center of the saw. This means that interference between the saw body and the finished surface may occur if the thickness of the workpiece is large. To confirm the feasibility of the cutting of constant curvature lines, we conducted a cutting test using a flexible circular sawing machine. The target shape was a circular arc with an R5000 mm radius. The cutting test was conducted with a 4-axis control NC machine for a flexible circular saw, as shown in Fig. 7 . The C-axis is a swiveling axis for changing the sawing direction. The U-axis is a linear axis for changing the deflection of the saw body. The cutting conditions are shown in Table 3 . The workpiece was a CFRP plate for aircraft. Its thickness was 10 mm and the fiber direction was alternately laminated at 0° and 90°. Figure 8 shows a machined workpiece. The lower side of the picture is the machined side, and it can be seen that the curved line is machined. To confirm the cutting accuracy, we measured the machined outline with a three-coordinate measuring machine. The results are shown in Fig. 9 . The circular arc of the curvature radius (5000 mm) is also drawn in the figure. The measurement values agreed well with the circular arc. The maximum shape error was 104 µm. In addition, when the machined surface was observed by microscope, no damage such as delamination, pull-out of the fibers, or signs of melting of the matrix resin was observed on the surface. 
Influence of the slit shape on the deflection and stress of the saw body
With a flexible circular saw, the saw is deflected by forced displacement. It is desirable that the stress caused by this deflection is low. Although this deflection and stress are related, the shape of the saw's slits can contribute to the balance of the deflection and the stress in the saw body.
We therefore analyzed 82 types of saw models with various slits shapes. The models were based on six typical types of slit shapes as shown in Fig. 10 (radial linear slits, circular arc slits, concentric slits, concentric grooves, drilled holes, and holes). The 82 models had varying numbers of slit, slit widths and slit lengths, and combinations of two slit shapes (e.g., Circular arc slit + Hole) were also used. We analyzed the deformation and the stress for each saw and sought suitable slit shapes for a flexible circular saw. As boundary conditions, a forced load of 400 N (not 2-mm forced displacement) was loaded on the circle at 102.5 mm from the center of the saw. The constraint conditions were the same as those described in the previous chapter. We evaluated the radius of curvature on the cross-section at 120 mm from the center of the saw and the maximum stress (Von Mises stress). Figure 11 shows the comparison between the maximum stress and the radius of curvature in each model. From this result, suitable models were chosen based on the following three criteria.
(1) The radius of curvature is R3624 mm (Model 2) or smaller.
(2) The maximum stress is 600 MPa or less, where 600 MPa is the fatigue strength of the alloy tool steel. (6) (3) The cross-section of the saw becomes a circular arc Figure 12 shows models that satisfy the above criteria. These models can deflect easily, and the maximum stress is small enough. In addition, the cross-section of each of these models becomes a circular arc. We therefore conclude that these models are suitable for saw shapes of a flexible circular saw. 
Effects of cutting force and centrifugal force on the deflection of the saw body
During the cutting process with the proposed saw, a cutting force and a centrifugal force act on the saw body. (7) As a result, the saw body may show unintended deflection. We then analyzed the models described in Fig. 12 to investigate the effects of the cutting force and the centrifugal force on the deflection of the saw body. Figure 13 shows the boundary conditions. The cutting force was obtained by another cutting experiment. In that experiment, a 10-mm-thick CFRP plate was cut by a cemented carbide endmill. The cutting force was measured with a load cell. As a result, the principle force was about 1000 N. From this result, the cutting force per tooth of the circular saw was calculated as 25.2 N. Therefore, assuming that the thickness of the CFRP plate was 30 mm, the tangential cutting force was applied to the cutting area of the saw body. In addition, the centrifugal force was applied as the body force assuming rotational speeds of 3000 min -1 and 10000 min -1 . Other analysis conditions were the same as in the previous chapters. Figure 14 illustrates the effects of centrifugal force and cutting force on the deflection and stress. We found that the maximum stress values become higher by acting on the cutting force and the centrifugal force. Under the condition of 10000 min -1 , the maximum stress values of the models were higher than 600 MPa. However, under the condition of 3000 min -1 , the maximum stress was less than the fatigue strength. We also found that the centrifugal force and cutting force did not affect the deflection. There was almost no effect on the deflection of the saw body, unless extremely high spindle speeds were used. 
Eigenvalue analysis of the flexible circular saw
In machining, in order to increase the machining efficiency, it is effective to increase the rotational speed and feed rate. However, if the rotational speed becomes closer to the natural frequency of the saw, it may cause a resonance. In a circular saw, the natural frequency is increased by tensioning and slitting. (8) (9) (10) (11) In order to define the upper limit of the rotational speed, it is important to know the natural frequency of the deflected saw body where the forced loading is applied.
Therefore, we conducted an eigenvalue analysis of the flexible circular saw. The three models described in Fig. 12 were used for the analysis, which was also conducted using two cases to clarify the influence of the applied loading: in one case, the circular load was applied, and in the other there was no loading. As the boundary conditions, six-DOF constraint was applied at the flange face of the saw body, and then 400 N of the circular load and the translational Z direction constraint and the centrifugal force acting under the rotational speed 3000 min -1 were applied, as shown in Fig. 15 . Figure 16 shows the comparison of the first-order natural frequency. The data show that the natural frequency of the saws with loading was 2.7 times or more higher than that of the saws with no loading. This is because the circular loading has an extra constraint effect, and the stiffness of the saws increased accordingly. The critical speed of Model B was 9992 min -1 . In this case, the cutting speed of the circular saw was 9500 m/min, exceeding the conventional cutting speed range or high-speed cutting range for metal and CFRP. This means that there is enough margin between the conventional/high speed range and the critical speed. Therefore, we found that a flexible circular saw may be useful for high-speed cutting. 
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